Background. Reston ebolavirus was recently detected in pigs in the Philippines. Specific antibodies were found in pig farmers, indicating exposure to the virus. This important observation raises the possibility that pigs may be susceptible to Ebola virus infection, including from other species, such as Zaire ebolavirus (ZEBOV), and can transmit to other susceptible hosts.
Outbreaks of Ebola hemorrhagic fever in endemic areas, as well as the introductions of single cases into nonendemic countries, are unpredictable and always a matter of considerable concern to public health authorities. Ebola viruses are prime examples of ''emerging/reemerging'' pathogens causing the most severe hemorrhagic fever found in human and nonhuman primates [1] [2] [3] [4] . In fatal cases, the immune response is insufficient to provide the rapid protection required to control fulminant Ebola virus replication. The species Reston ebolavirus (REBOV) has never been associated with human disease, despite multiple documented exposures [5, 6] . Alternatively, Zaire ebolavirus (ZEBOV) is associated with case fatality rates as high as 90% in humans [1, 7] .
Currently, we are just beginning to understand the pathogenic mechanisms that lead to severe disease and death [1] [2] [3] [4] [8] [9] [10] . The most reliable animal model for studying ebolavirus replication and its associated disease is the nonhuman primate [11, 12] . The difficulties of working with nonhuman primates in a highcontainment laboratory have been limiting the speed at which researchers can fully elucidate the complex physiopathology and fulminating shock induced by ebolavirus. Although the nonhuman primates are the only species known to succumb to strains of ebolavirus isolated from human cases, sequential infection of mice or guinea pigs has generated variants that are also lethal to these 2 animal species [13, 14] .
Accumulating evidence is identifying fruit bats as the natural reservoir of ebolavirus [15, 16] . One current hypothesis is that bats transmit ebolavirus to an amplifying host, animal or human, and that high virus load reached in the first amplifying host favors transmission to and between humans mainly through contact with body fluids. Several human cases of ebolavirus infection have been associated with the butchering of infected bush meat derived from nonhuman primates [17, 18] . Recently, REBOV was detected in pigs in the Philippines and antibody to the virus was found in several pig farmers, supporting the concept of ebolavirus replication in pigs and zoonotic transmission between pigs and humans [19] [20] [21] .
The identification of animal species that can replicate ebolavirus and transmit the virus to other animals and/or to humans is critical to the development of preventative measures to avert outbreaks in humans. The present work investigated the susceptibility of domestic pigs to highly pathogenic ZE-BOV. Virus replication, pathogenicity, shedding, and transmission to naive animals were evaluated in 2 independent studies. The first study focused on virus replication, pathogenicity, and shedding, whereas the second study was designed to evaluate shedding and transmission of the virus from inoculated to contact pigs.
MATERIALS AND METHODS

Virus and Challenge
ZEBOV strain Kikwit 95 was produced on Vero E6 cells in minimal essential medium supplemented with 2% fetal bovine serum and antibiotics (penicillin/streptomycin 1% final, generating complete minimal essential medium [cMEM]). All virus titers were determined by standard median tissue culture infective dose (TCID 50 ) and/or immunoplaque assays on Vero E6 cells. Procedures for the production and propagation of ZEBOV and all subsequent experiments involving infectious materials were performed in the Containment Level (CL) 4 facilities of the Canadian Science Center for Human and Animal Health.
Animal Experiments
Pigs were obtained from a high health status herd operated by a recognized commercial supplier in Manitoba, Canada, and tested negative upon arrival to the research facility for porcine reproductive and respiratory syndrome virus (PRRSV), circovirus, and cytomegalovirus infection by means of routine diagnostic assays. The animals were all negative for Ebola antibodies when prebleed samples were drawn and at day 0, on the basis of ELISA and virus neutralization. For the first experiment (susceptibility), 8 pigs aged 4-5 weeks were acclimatized for 7 days prior to inoculation. Six piglets were inoculated under inhalation anesthesia with a combination of intranasal (0.5 mL dripped in each nostril), intraocular (0.25 mL in the conjunctival fornices of each eye), and oral (1 mL) routes with a suspension of ZEBOV containing 4 3 10 5 plaque-forming units (PFU)/mL, for a total infectious dose by all routes of 1 3 10 6 PFU per animal. Two control animals were mock inoculated with phosphate-buffered saline (PBS) and housed separately from the 6 experimental animals housed in the CL4 cubicle. For the second experiment (transmission), 3 pigs aged 3-4 weeks were inoculated as described above. The next day, 4 contact animals of the same age were transferred into the CL4 cubicle. Two control animals were housed separately from the 7 experimental animals housed in the CL4 cubicle. All manipulations on inoculated or contact animals were performed under CL4 conditions and followed approved animal use documents and guidelines of the Canadian Council on Animal Care. All animal procedures and scoring sheets were first approved by the Animal Care Committee at the Canadian Science Centre for Human and Animal Health, according to the guidelines set by the Canadian Council on Animal Care.
Virus Titration
Tissues were harvested during necropsies and homogenized in cMEM using a bead mill homogenizer according to the manufacturer's protocol (Tissue Lyser, Qiagen). Samples were inoculated in 10-fold serial dilutions of supernatant on Vero E6 cells with 6 replicates per dilution. At 72-96 hours postinfection, the plates were scored for cytopathic effect or positive fluorescence by immunostaining and TCID 50 virus titers were calculated using the Reed and Muench method [22] . Swabs were collected into 1 mL of cMEM, and virus titers were similarly determined in nasal washes and swab suspensions by direct titration on Vero E6 cells. Total RNA was extracted from tissues preserved in RNAlater. RNA was isolated from nasal washes and swabs using the QIAamp Viral RNA Mini Kit (QIAGEN, GmbH) and from tissues using the RNeasy Mini Kit (QIAGEN). ZEBOV was detected by quantitative reverse transcription polymerase chain reaction (q-RT-PCR) using the LightCycler 480 RNA Master Hydrolysis Probes (Roche, GmbH) assay targeting the glycoprotein (nt 7720-7783, AF086833). Reaction conditions were the following: 63°C-for 3 minutes, 95°C-for 30 seconds, and cycling of 95°C-for 15 seconds, 60°C-for 30 seconds for 45 cycles using a StepOne Plus (Applied Biosystems). The lower detection limit for this assay is 1 PFU/mL. The primer sequences are as follows: ZebovGPF (GGCCAAC-GAGACGACTCAA), ZebovGPR (AAAGGTGCGTAGCTCAGT TG TG), and ZebovGPP (6FAM-CTCTTCAACTGTTCCTGA-GAG-MGBNFQ).
Histological Analysis
Tissues were fixed in 10% neutral phosphate-buffered formalin, routinely processed, sectioned at 5 lm, and stained with hematoxylin and eosin for histopathologic examination. For immunohistochemical analysis, paraffin tissue sections were processed as described elsewhere [23] . A 1:2000 dilution of rabbit polyclonal anti-ZEBOV VP40 antibody was applied to the sections for 1 hour. Staining was revealed with the horseradish peroxidase (HRP) Envision1 system (anti-rabbit) (Dako) and reacted with the chromogen diaminobenzidine (DAB). Finally, the sections were counterstained with Gill's hematoxylin.
Immune Responses
Cytokine mRNA expression changes over time were assessed by relative computed tomographic qPCR using b-Actin as the housekeeping gene [24] . cDNA was generated using 10 ng of mRNA isolated from lung tissue with the High Capacity cDNA Reverse Transcription Kit (ABI). Gene Expressions was measured using the TaqMan Gene Expression Master Mix (ABI) along with porcine primers and probe from the TaqMan Gene Expression Assay library. Each sample was extracted and inactivated with AVL (QIAGEN), analyzed in duplicate, and repeated twice or more if the variation was .10%. Each value represents the average of 2 infected animals and 2 control animals analyzed in duplicate. Serum samples collected from pigs were inactivated at 56°C for 45 minutes, and serial dilutions of each sample (1:10, 1:20, 1:40, and so forth) were evaluated for neutralizing antibody using ZEBOV expressing the EGFP reporter gene (ZEBOV-EGFP) as described elsewhere [25, 26] . The total number of EGFP-positive cells were counted in each well and sample dilutions, which showed .50% reduction in the number of green cells, compared with controls scored positive for neutralizing antibody. Gamma-irradiated, safetytested, sucrose gradient-purified ZEBOV was used as an antigen in an enzyme-linked immunosorbent assay (ELISA) using conditions previously described [27] . Anti-Ebola antibodies were detected with a goat antiswine immunoglobulin G (IgG) Figure 1 . Body temperature and gross pathology. A, Body temperature and days postinfection are indicated on the x-axis; rectal temperature is plotted on the y-axis. Each curve represents 1 animal. Solid lines indicate piglets inoculated with ZEBOV; dashed lines indicate rectal temperatures of the 2 control animals. B, Lung and heart from pig infected with Ebola virus at 7 dpi. Note the dark hemorrhagic right atrium and consolidated lobes. C, Dorsal view of lungs from a pig infected with Ebola virus at 7 dpi. Note that only the top parts of the apical lobes remain relatively unaffected (pink areas; arrows), whereas the remaining lungs are consolidated with hemorrhages. D, Healthy lung from a control piglet.
HRP-conjugated antibody (Kikefaard and Perry Laboratories).
Values for the optical density at 405 nm of .0.350 were considered positive for the presence of anti-ZEBOV antibodies, on the basis of cutoff values established with serum samples from 17 uninfected pigs. All manipulations with infectious Ebola virus were performed under CL4 conditions and followed approved standard operation procedures.
Coagulation
Blood from infected animals was collected into citrated vaccutainers (BD BioSciences) on the indicated day by venous bleed.
Blood was centrifuged at 2500 g for 15 minutes at room temperature and the citrated plasma removed for immediate analysis of prothrombin (STA-Neoplastine Cl Plus), activated partial thromboplastin time (aPTT) (PTT Automate), and fibrinogen (Fibri-Prest Automate) (all reagents: Stago) or frozen at -80°C for later analysis of D-dimer levels (Imubind D-Dimer ELISA kit) (American Diagnostica). All coagulation assays were run on the StART4 coagulation analyzer (Stago) according to the manufacturer's instructions under CL4 conditions and followed approved standard operation procedures. D-dimer ELISA was performed according to the manufacturer's instructions also under CL4 conditions.
RESULTS
Virus Replication, Pathogenicity, and Shedding of ZEBOV in Pigs
All ZEBOV-infected pigs developed a fever at day 4 after inoculation that lasted until the last time point at 7 days postinfection (dpi) ( Figure 1A ). The most prominent and progressive clinical signs were respiratory, with a rate increasing from around 35 breaths per minute to .80 breaths per minute by 7 dpi. At this time point, breathing was laborious and involved a strong abdominal component. Coughing was not observed; however, animals stopped eating, lost interest in human presence, stopped playing activities with cage mates, and were reluctant to stand up and move. Macroscopic examination of internal organs revealed obvious pathological changes in lungs ( Figure 1B, 1C) . The lungs demonstrated progressive consolidation from 3 to 7 dpi, starting with the cardiac lobes and spreading to the diaphragmatic lobes. Lung-associated lymph nodes were enlarged and occasionally mildly hemorrhagic. Interestingly, the right atrium of the heart was hemorrhagic in both pigs euthanized at 7 dpi; however, it is not clear what the basis is for this pathological observation ( Figure 1B) . At 3 dpi, histological analysis revealed capsular inflammation in bronchial lymph nodes and patchy alveolitis and bronchiolitis in the lung with accumulation of neutrophils and necrotic debris in the lumen of alveoli of both animals ( Figure 2A ). At 5 dpi, lymphadenitis was pronounced and in the lung there was acute and severe alveolitis characterized by edematous alveoli filled with fibrin, hemorrhage, and extensive infiltrates consisting of neutrophils and macrophages, as well as thickening of alveolar walls by inflammatory infiltrates ( Figure 2B ). Many bronchioles were damaged at 7 dpi, with evidence of extensive necrosis and neutrophil infiltration. Large consolidated areas with complete loss of alveolar spaces and severely damaged septae containing areas of necrosis and fibroblast proliferation were observed ( Figure  2C ). Viral antigen was detected in abundance in some lobules, whereas an adjacent lobule might remain negative ( Figure 2D ). Interestingly, there was early staining of airway epithelial cells surrounding bronchioles, which then seemed to spread internally to alveoli with a decreasing intensity gradient. This was observed in several lung sections of both pigs at 5 dpi ( Figure 2E ). Inflammatory exudates positive by immunocytochemical staining for viral antigen were also detected in the trachea at 7 dpi ( Figure 2F ). Several cell types, including macrophages, type I and II pneumocytes, and epithelial cells were positive by immunocytochemical analysis in affected lobules; however, none of the infiltrating lymphocytes showed ZEBOV antigen-positive staining ( Figure 3) . Interestingly, ZEBOV replication in the airways induced the recruitment of large numbers of immune cells, possibly contributing to disease severity. To explore this hypothesis, the innate immune response was monitored by evaluating cytokine mRNA expression profiles by real-time RT-PCR in lung tissues of infected animals (right cardiac lobe). Early induction of interferon-c (IFN-c), interleukin (IL)-6, IL-8, and tumor necrosis factor was observed from infected pigs at 3 dpi, supporting the concept of virus-induced airway inflammation through the stimulation of proinflammatory cytokines ( Figure  4A ). Interestingly, IFN-a was substantially downregulated at 5 and 7 dpi. An adaptive antibody response against ZEBOV as measured by ELISA or neutralization assays was not detected at these early time points. Results of blood work (cell count and chemical analysis) and coagulation abnormalities measured by means of prothrombin time and aPTT assays and D-dimer levels from infected animals did not show statistical significance in comparison with prebleed or PBS-treated pigs at any time points (data not shown). An increase in fibrinogen levels was observed on days 5 and 7, suggestive of an inflammatory response. Virus was isolated from nasal washes and oral and rectal swabs at 3 and/or 5 dpi, although not from all animals and with relatively low infectious titers ranging from 1 3 10 2 to 1 3 10 3 TCID 50 / mL per sampled site ( Figure 4B ). Infectious virus was also detected at low levels in blood and serum of 1 animal but only at 5 dpi. Moderate levels of infectious virus were detected in different organs, including the bladder and heart of that animal. In contrast, high levels of infectious virus were detected from lung tissues and bronchial lymph nodes from 3 to 7 dpi, with titers reaching up to 3.2 3 10 7 TCID 50 /mL at 5 dpi ( Figure 4C ).
ZEBOV particles quantified by real-time RT-PCR as genome copy numbers were highest on 1 and 3 dpi in the mucosa and remained elevated at all time points in the airway.
Shedding and Transmission of ZEBOV in Infected and Naive Contact Pigs
To address transmission between animals, 3 pigs aged 4 weeks were infected as described above and 4 naive piglets were brought into the same living space 24 hour later. The inoculated animal analyzed at 7 dpi had macroscopic and microscopic lesions in the lungs consistent with the results of the first study, although less severe. However, this animal had detectable levels of viral RNA present in several organs, including lung, lymph nodes, tonsil nasal turbinate, heart, muscle, liver, and gut ( Figure  5A ). Virus was detected by real-time RT-PCR in inoculated pigs, peaking at 5 dpi from nasal washes and 3 and 7 dpi from oral swabs ( Figure 5B and C). Viral RNA was occasionally found in blood, serum, and rectal swab samples from inoculated pigs by means of real-time RT-PCR. Infectious virus was also recovered by limiting dilution from mucosal samples of inoculated animals, also peaking at 5 dpi albeit at low levels. The lungs, trachea, and liver of the animal analyzed at 7 dpi also contained infectious virus ( Figure 6 ). Viral RNA was detected from the mucosa of all contact animals, peaking at 10 dpi ( Figure 5B and C). Three of 4 contact pigs analyzed at 21 dpi or later showed detectable levels of viral RNA by means of RT-PCR ( Figure 5A ). Low levels of infectious virus were recovered from mucosal samples of 2 of 4 contact pigs, interestingly also peaking around 10 dpi, which suggests a replication and transmission cycle of approximately 5 days with the possibility for another transmission cycle from contact pigs. Total IgG, as well as neutralizing antibodies against ZEBOV, developed after 3 weeks in both infected and contact pigs ( Figure 5D ). Hematology and coagulation parameters were similar to those of PBS-treated control pigs for all inoculated and contact pigs (data not shown). Overall, the clinical course of the disease was less severe in the transmission study, not requiring euthanasia of inoculated animals, and with a transient and/or delayed fever. Because the virus lot, the infection dose, and routes were identical, the severity of clinical disease in ZEBOV-infected pigs may be related to genotype, age, or immune status. It is difficult at this point to comment on the underlying mechanisms, as commercial pigs are outbred, and although the piglets in the individual experiments were from the same litter, they were from different sows. In Figure 4 . Innate immune responses detected through cytokine mRNA expression profile in lung tissue and viral loads over time. A, Lung tissue from infected animals was examined in ZEBOV-infected animals at 3, 5, and 7 dpi. Each tissue sample was compared with control lung tissue from noninfected animals and normalized with porcine b-Actin. The relative quantification mean value is shown on the y-axis in a log 10 scale and the cytokine identification at each dpi is on the x-axis. Bars represent mean level of mRNA expression per 2 pigs per time point performed twice 6 the standard deviation. B, Total ZEBOV genome copy or infectious particle detected from nasal, oral, or rectal swabs over time. Samples were analyzed on days 0, 1, 3, 5, and 7 by means of realtime reverse transcription polymerase chain reaction and direct infection. The x-axis represents days postinfection plotted against viral genome copies on the left y-axis and infectious viral particles on the right y-axis. C, Total ZEBOV genome copy or infectious particles detected in the lung and bronchial lymph nodes. Animals killed on days 3, 5, and 7 were analyzed by means of real-time RT-PCR or direct infection. The x-axis represents days postinfection plotted against viral genome copies on the left y-axis or infectious viral particles on the right y-axis. For B and C, each point represents the average genome copy per milligram of tissue or per 140 lL sampled from swabs or washes or infectious particle number from assays performed in duplicate or triplicate, respectively, for both animals at each time point. dpi, days postinfection; IFN, interferon; IL, interleukin; TNF, tumor necrosis factor.
addition, at the age of about 3-6 weeks, the animal development is rapid, including the immune system [28] .
DISCUSSION
The recent detection of REBOV in domesticated pigs coinfected with PRRSV, along with the detection of antibody against RE-BOV in 6 of 141 individuals who worked on pig farms or with swine products, strongly suggests that pigs are susceptible to ebolavirus replication and can transmit the virus [21] . The present study demonstrates that domesticated pigs are susceptible to ZEBOV infection following mucosal challenge and develop a respiratory disease with a clinical manifestation that can be severe. This observation raises the possibility that pigs are capable of shedding relatively high viral loads into the environment. Our data indicate that infection can be acquired following mucosal exposure to the virus and efficiently transmitted to naive animals cohabiting with infected mates. The presence of relatively high viral loads in the upper airway suggests that the respiratory mucosa is a participant in acquisition and subsequent transmission of infection. Although the involvement of the gastrointestinal tract cannot be completely ruled out, the presence of Ebola viral genomes was detected inconsistently from gut samples and infectious virus could not be recovered. In addition, despite the relatively uniform presence of Ebola virus in the respiratory mucosa, the detection of the virus systemically was sporadic, the opposite of what one could expect from an acquisition of infection involving the gastrointestinal tract. Taken together, these data suggest that ZEBOV can infect pigs through the oronasal mucosa, entering the airway epithelia from the apical side and then replicating in macrophages, pneumocytes, and endothelial cells in the lung parenchyma to high concentrations, following which ZEBOV is released back into the airway in inflammatory exudates where it can be transmitted de novo to other naive pigs through mucosal exposure. Relatively few viruses are able to penetrate the airway epithelial barrier from the apical side, limiting both virus entry and subsequent replication [29] . There is increasing experimental evidence indicating that the Ebola virus glycoprotein can mediate entry from the apical side into intact airway epithelia of mouse, nonhuman primate, or human origin [28, [30] [31] [32] . The presence of Ebola antigens was also detected in the respiratory mucosa, alveoli, and pulmonary lymphatic tissue of nonhuman primates following aerosolized Ebola challenge, demonstrating that the virus can infect nonhuman primates through mucosal exposure with ebolavirus [33] . More recently, pigs infected with REBOV showed lung pathology, the presence of viral antigens in pulmonary tissues, and evidence of filamentous Ebola virus particles in lymph nodes [21] . Whether transmission in swine occurs through the aerosol route or from contamination of the environment with mucosal secretions remains to be determined in future experiments.
These studies underline some differences in the pathology induced by ZEBOV in pigs, compared with nonhuman primates and humans. In contrast to the severe systemic syndrome often leading to shock and death in primates, pigs developed a respiratory syndrome that could be mistaken for other porcine respiratory diseases. Further work is warranted to answer additional questions, such as the effect of age and breed on the susceptibility of pigs to Ebola virus, the precise role of the immune response, and the susceptibility of pigs to other filoviruses. Considering the specific downregulation of IFN-a mRNA, the role of the immune response is of particular interest, because a delayed and lower than expected antibody response correlated with immune suppression. Pigs usually mount a fast antibody response detectable by day 5, peaking above 1:1000 serum dilutions by day 14 [34] . One can speculate that the delayed antibody response in conjunction with increased proinflammatory cytokines may constitute the basis of Ebola virus-induced pathogenesis in pigs and, indirectly, transmission. Although downregulation of interferon has been well documented [35] , the precise mechanism leading to death during ebolavirus infection remains to be fully elucidated. Pigs may offer new and/or complementary insights into ebolavirus pathogenesis. In this study, ZEBOV rather than REBOV was selected because of its well-documented impact on human life in past outbreaks. These data also have implications for the management of human outbreaks following accidental or hypothetically intentional exposure of pigs to Ebola virus. 
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